The focus of this study was to develop a model to reproduce the behavior of chloride binding in hardened cement paste using PHREEQC based upon thermodynamic equilibrium. The equilibrium constants for Na
INTRODUCTION
Recently some multi-species models based on the Nernst -Planck equation have been developed for ionic mass transfer in reinforced concrete structures [1, 2] . These models can simulate mass transfer by considering the interaction between ions. However, the interactions between ions and hydrates have not yet been thoroughly addressed as a part of those models. In order to accurately predict the useful life of a reinforced concrete structure, it is very important to consider the variation of composition of not only the concrete pore solution but also solid phase due to chemical reactions caused by the deterioration. Therefore chemical reactions should be considered in the multi-species models.
Conventional models of the chemical reaction are empirically calibrated to experimental results of sorption into hydrates using an isothermal equilibrium model such as Langmiur or Freundlich. However, these prediction methods based upon empirical modeling tends to be valid for a limited range of materials or mix proportion conditions. On the other hand, the modeling of the chemical reactions based on the thermodynamic equilibrium theory is expected to be highly versatile and applicable to a wide range of conditions. Several attempts to develop the thermodynamic models for reactions of typical crystalline phases such as 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada Ca(OH) 2 have been made [3] , but reactions regarding the behavior of C-S-H, which is main solid phase of hardened cement paste, which also has the capability to bind certain anions and cations, have not yet been considered. In most cases, only precipitation and dissolution reactions have been considered as the interaction between ions and solid phases. However, several kinds of AFm phases such as monosulfate and Friedel's salt are formed not by precipitation/dissolution reactions, but by ion exchange reactions. In order to establish an accurate prediction method of estimating durability against deterioration, the reactions of C-S-H and the ion exchange reactions of AFm phases should be considered in thermodynamic equilibrium modeling. In this study, the reaction of C-S-H and AFm phases were modeled using PHREEQC program (ver. 2.11) [4] , which has been designed to perform a wide variety of aqueous geochemical calculations based on equilibrium chemistry. The variation of the pore solution and solid phase composition due to chemical reactions caused by deterioration was investigated using PHREEQC.
OUTLINE OF MODELING
Models predicting the binding behavior of C-S-H and ion exchange of AFm phases were investigated, and developed. The accuracy of these models in predicting the binding behavior of hardened cement paste was then verified.
The surface complexation model [5] was used for the modeling of the binding behavior of C-S-H because the binding interaction is considered to be a sorption reaction on the surface of C-S-H, where the silanol ( >SiOH ) on the surface is the sorption site. Using surface-complexation model, the sorption to the silanol site is modeled based on the electrostatic interaction at the solid fluid interface.
The model proposed by Sugiyama [6] was used to model the dissolution and precipitation behavior of C-S-H, assuming a binary nonideal solid solution of Ca(OH) 2 and SiO 2 . The model can predict both dissolution and precipitation of the C-S-H with a continuous change in the Ca/Si ratio of the solid phase. PHREEQC is not designed to perform the calculation of the proposed modeling of C-S-H, so the source codes of PHREEQC were customized and calculation procedures were installed into this program.
MODELING OF IONIC BINDING TO C-S-H SURFACE

Basic characteristic of surface binding-site of C-S-H
The reactions of silanol site and their intrinsic equilibrium constant logK s are shown below [7] .
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For the surface complexation model, K s is given below:
where a i is the activity of species i, Ψ is the potential at the surface [V], R is the gas constant (8.3147 
, T is absolute temperature [Kelvin] ( fixed as 298 K in this study). Incorporating the surface complexation model and using the density of silanol sites per one mole of SiO 2 (surface site density: ρ s ), equal to be 0.045 [8] , the values of Ψ are obtained by calculating equilibrium of the solution with C-S-H. Figure 1 shows the calculation results of Ψ and C/S as a function of the calcium activity in the solution and compares them with results previously obtained by Villias-Terrisse et al [7] . The calculation results correspond closely with the results obtained by Villias-Terrisse et al [7] . The point of zero charge is situated at about -p(Ca) = -2.9 in both cases. It has been established that the value of surface potential of C-S-H becomes positive when C/S is higher and becomes negative when C/S is lower [8] . This validates the variation of surface potential shown in Figure 1 .
For the surface complexation model in PHREEQC, equations (1) and (2), and the corresponding logK s values are considered accurate in describing the basic characteristics of surface binding-sites of C-S-H. 
As the values of logK s are unknown, they were derived with PHREEQC by calibration with the sorption experimental data (Na + and K + : C/S = 4, water solid ratio = 15) [9] , and (Cl − and SO 4
2− : C/S = 1, water solid ratio = 10) [10] . Surface site density ρ s was also derived using (8) The difference between ρ s of Cl − and those of alkali ions are more dramatic than the variation of ρ s of alkali ion with C/S. This is due to the difference of the process of the synthesized C-S-H used for calibration of logK s and ρ s . Since the C-S-H used in the experiment for Cl − and SO 4 2− binding were synthesized by the hydration of alite [10] , the C/S in the experiment for Cl − and SO 4 2− binding is considered to be an accurate representation of C-S-H in the actual hardened cement paste. Thus, 0.22 derived from the experiment for Cl − and SO 4 2− will be used as the ρ s of C-S-H hereafter.
MODELING OF ION EXCHANGE REACTIONS WITH AFm PHASES
The reaction between monosulfate and Freidel's salt is the ion exchange reaction of AFm phases. The reaction equation of the ion exchange is shown below.
where X represents ion exchange sites of AFm phase. Ion exchange ratio, x, is defined as the number of sites of SO 4 2− replaced by Cl − in monosulfate. Therefore, the composition of AFm phase under the equilibrium can be derived. 
Since the equilibrium constant K ex of this ion exchange reaction is unknown, K ex was determined using PHREEQC by calibrating K ex to the results of sorption experiment, in which the amount of bound Cl − by monosulfate was measured by immersing a known amount of monosulfate into NaCl solution for a given concentration range [10] . Figure 2 shows the values of the amount bound Cl − and the ion exchange ratio x obtained from PHREEQC are illustrated with the experimental results. K ex was determined to be −1.934.
The equilibrium calculation results of bound Cl
− in the case without the ion exchange reaction of AFm are also plotted in figure 2 . In the range of lower Cl − concentration, the ion exchange ratio x is lower, while at about 5 mol/dm 3 of Cl − concentration the ion exchange ratio x becomes closer to 1. Calculations without considering the ion exchange reaction of AFm vary greatly from experimental data due to the fact that monosulfate can react and change to Friedel's salt even in the low Cl − concentrations.
APPLICATION TO BINDING PHENOMENA IN HARDENED CEMENT PASTE
This section deals with the validity of the models of ion bindings onto C-S-H surface and ion exchange reaction with AFm verified by the reproduction of experimental results of Cl − binding in hardened cement paste, in which the hardened cement paste was immersed into NaCl solution [11] .
Procedure of determining the solid phase composition of hardened cement paste
The solid phase composition of hardened cement paste was determined using the reaction equations and hydration ratios of each mineral of cement based on the model proposed by Sakai et. al. [12] and then used as the initial input data. The hydration reaction of each mineral is assumed as follows: 
m in equation (14) was assumed negligible. The hydration ratio of each phase is shown below in table 3 [13] . The initial mineral composition of cement before hydration was determined from chemical composition of cement with the following assumptions: (i) all Na 2 O and K 2 O of cement are contained in sulfate mineral, (ii) the composition of all minerals are pure. The chemical composition of cement used in the experimental is shown in Table 2 , and the mass content based on the assumptions listed and hydration ratio set for each mineral are shown in Table 3 . 
Solubility constants of hydrates
Calculations based on the thermodynamic model are dependent on the solubility constant K sp and the corresponding dissolution/precipitation reaction for each hydrate. In Table 4 , principal reactions and K sp are listed.
Because each equation is expressed as a protonation equation, it should be noted that existent forms of several species are different from the actual ones. For example, the aluminum ion 'Al Figure 3 also shows the calculations results obtained using a model that neglects the ion exchange reaction of AFm. In the case without the ion exchange reaction, a significant error between calculation and experimental occurs especially in the range of lower concentration of chloride. This error is due to the behavior of production of AFm phases. If the ion exchange reaction of AFm is not considered, the calculated amount of Friedel's salt becomes higher with low concentrations of chloride (Fig. 4 b) . Whereas, when the ion exchange reaction is taken into consideration, the calculated amount of both Friedel's salt and monosulfate are more representative of the actual amounts in the C-S-H (see Fig. 4 a) .
The model of ion bindings onto C-S-H surface also takes into consideration the behavior of Cl − binding in hardened cement paste. Figure 5 shows the variation of distribution of Cl − in hydrate. According to the model of ion exchange reaction of AFm, the amount of bound Cl − by AFm decreased and the amount of bound Cl − by C-S-H increased. This is one of the reasons that PHREEQC with the model of ion exchange reaction can accurately predict the experimental results of bound Cl − in hardened cement paste.
Yoshida et.al. investigated the ion exchange reaction of AFm and Cl − using XRD, and reported the reaction stops when the amount of bound Cl − by hardened cement paste reaches approximately 1 mass% of cement [17] . This corresponds closely with the calculated results using this model where at the approximately the same amount of bound Cl − , ion exchange ratio x equal to 0.92, the exchange stops. Taking into consideration the accuracy limits of XRD measurements, the model accurately predicts the amount of bound Cl − in hardened cement paste. [16] 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada
Results of the model for SO 4 2− binding by C-S-H The amounts of AFm and ettringite with versus initial Cl
− concentration are shown in Figure 6 . In the case with the all models developed in this study, the amount of formed Friedel's salt increases and the amount of formed ettringite decreases in comparison with the results neglecting SO 4 2− binding by C-S-H. When the concentration of NaCl solution is 3.0 mol/dm 3 , the amount of formed ettringite approaches zero. This is because the amount of bound SO 4 2− on the surface of C-S-H exceeds the consumption SO 4 2− by ettringite in equilibrium calculations based on the model developed for SO 4 2− binding with C-S-H. According to the XRD measurements as shown in Figure 7 [11], the peak intensities of ettringite and monosulfate become weaker with increasing NaCl concentration. The peak of ettringite also disappears at the 3mol/dm 3 . The models developed for PHREEQC effectively reproduce the varying formation of hydrates caused by the reactions of chloride binding in hardened cement paste.
Based on the models developed, the rate at which Cl − occupies the silanol site decreased in comparison when SO 4 2− binding by C-S-H was neglected. However, the calculated amount of Figure 8 . This is due to the increases of bound Cl − by AFm shown in Figure 6 canceled out by the decrease of bound Cl − by C-S-H.
Validity of the models
As mentioned above, the equilibrium calculations with the models of ions binding onto C-S-H and ion exchange reaction of AFm correspond closely with the experimental results. Thus, models developed in this study accurately predict the binding phenomena in hardened cement paste.
CONCLUSIONS
The variability of pore solution and solid phase composition due to chemical reactions is a necessary requirement in order to develop a multi-species model to predict the durability of concrete structure susceptible to various types of deterioration. Based on the theory of equilibrium chemistry, models for the reaction of C-S-H and AFm phases concerning the chloride ion binding in hardened cement paste were investigated using PHREEQC program. From the results mentioned in this paper, the following conclusions can be drawn: 1. The surface complexation model was used because the binding interaction of C-S-H is assumed to be a sorption reaction with the surface of C-S-H. This model was shown to be valid from a standpoint of surface potential. Therefore, the equilibrium constants logK s of the reaction of Na + , K + , Cl − , SO 4 2− were calibrated using sorption experimental data. 2. The reaction between monosulfate and Friedel's salt was considered the ion exchange reaction, the equilibrium constant K ex of this reaction was determined from the chloride sorption experimental data of monosulfate by calibration. K ex determined was shown to be valid compared to experimental data of the ion exchange ratio x. 3. The models for ion bindings of C-S-H and an ion exchange reaction of AFm were used to describe the binding phenomena in hardened cement paste. The calculations based on the developed models corresponded closely to observed experimental data. 4. Models developed in this study accurately predict the binding phenomena in hardened cement paste.
